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S LJWlRY 

the !ee s ide o f  a 5" zerniangle (jF) conical forebody a t  h igh r e l a t i v e  incidence (a/e,) are discussed. 
cone was i m e e d  i n  a Mach 0.6 airstream a t  a Rzynolds nutnber o f  13.5 x 106 based on the 1.4-e (%-in.) ax ia l  
length o f  the  cone. 

Novel means o f  con t ro l l i ng  the degree o f  asymnetry Using blowin? very close t o  the nose were i nves t i -  
gated. Small amounts of a i r  in jected normally o r  t m g e n t i a l l y  t o  the cone surface, but on one ;ide o f  the 
leeward meridian and beneath the vortex fa r thes t  f r a  the wall. w ~ r e  e f fec t i ve  i n  b ias ing the asymnetry. 
Y i th  t h i s  reor ien ta t ion  o f  the forebody vortices, the anpl i tude o f  the  s ide force could be reduced t o  the 
po in t  where i t s  d i rec t i cn  was reversed. This phenomenon could be obtained e i the r  by changing the  blowing 
ra te  a t  constant incidence o r  by changing incidence a t  constant blowing rate.  N o m 1  i n j e c t i o n  appeared 
more ef fect ive than tangent ia l  i n jec t i on .  
opposite hand t o  the ro ta t iona l  d i rect ions o f  the forebody vortices. 
flow st ructure emerged w i th  the  j e t  vo r t i ce -  posi t ioned abcve the forebody vort ices.  

SYHEOLS 

Some experiments fnvolv ing the  dcveiopmnt o f  the turbulent  symnetric and asynmetric vcirtex flow about 
The 

The contrarotat ing vort ices i n  the penetrat ing j e t  f low were o f  
A d i s t i n c t i v e l y  orqanized and stable 

Not?: A l l  force coef f ic ients  are referenced t o  cone base area = 449.6 cm' (69.7 in.:) and free-stream 
dynamic pressure. 

A cone base area 

normal-force coef f ic ient  f r o m  balance 'N 3 'YB 

P - P, c I-- local s t a t i c  pressure Loe f f i c i en t  

r "op - - q 'P - pm loca l  p i t o t  pressure coe f f i c i en t  

p 9, 

side- farce z x f f  i c i e n t  f ron  balance 

side-force coef f ic ievt  from intecrated surfdce pressures a t  x / L  = 0.87 

j e t  momentum coe f f i c i en t  

base dialreter o f  cdne = 23.9 cm (5.4 i n . )  

w i a l  length of cone = 137.2 cm (54.0 i n . )  

j e t  mss f l u x  

Mac5 nunber 

loca l  s ta t i c  pressure 

local  p i  to: prersiire 

dyramic pressure 

c o w  raoius 

Reynolds number based on in1 1 I;th o f  cone and h n n e l  free-strean) conditinnr, 

l oca l  ve loc i ty  i n  di-ect ion of  tunnel a x i s  

loca: ve lo r l t y .  pa ra l l e l  t o  model a x i s  

sn8, ic lei. Peloc'ty 

I d t e r ? l  vri?c,;,/, vormal t o  tiinnel ( o r  model - 1 ~ 1 s )  
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X distance along tunnel a r i s  

X 

Y 

j ' Y  r 
2 

2 

z . 3  nondimensional ve r t i ca l  distance 

angle o f  incidence 

ve r t i ca l  ve loc i ty  normal to tunnel ax is  

ve r t i ca l  ve loc i ty  nonnal t o  nmdel axis 

distance along m d e l  axis, o r i g i n  a t  pointed apex o f  cone 

l a t e r a l  distance f r c m  tunnel ( o r  model axis) 

nondi mns i onal 1 atera l  distance 

ver t i ca l  distance, normal t o  tunnel axis 

ve r t i ca l  distance, normal t o  nmdel axis 

r 

BC cone semiangls 

0 

Subscripts - free-stream mean f low condit ions 

s1 primary separation l i n e  

s2 secondary separation l i n e  

c i r c m f e r e n t i a l  angle around cone surface, measured from windward generator, negative on 
port s ide and pos i t i ve  on starboard s ide ( p i l o t ' s  view from base o f  cone) 

1 . INTRODUCTION 

1.1 

o f  incidence, where complex vo r t i ca l  flou f i e l d s  e x i s t  about the leeward side o f  the vehicle. These wr- 
t i ces  are generated a t  r e l a t i v e l y  sharp leading-edge extensions, wing leading-edges, and on the forebody. 
Once a given r a t i o  o f  incidence a t o  seninose angle ec (the r e l a t l v e  incidence) i s  exceeded, usual ly  
between 1 and 2 f o r  a slender conical 3 r  tangent-ogive nose shape attached t o  a fusclage o r  c y l i n d r i c a l  
body. the o r ien ta t i on  o f  the forebody vor t ices becomes asyimnetrical w i t h  respect t o  the meridional olane 
(Refs. 1-5). (For the cone o r  tangent-ogive alone, the r e l a t i v e  incidence a t  which the onset o f  asynmetry 
occurs i s  closer t o  3 . )  Substantial s ide forces and yawing moments then develop t o  af fect  the s t a h i l i t y  of 
the vehicle. i n  addition, these forebody vort ices, perhaps i n  conjunction w i t h  the vo r t i ca l  flows f rom the 
wings. may in te r fe re  with dwnstrearn contro l  surfaces t o  provide s i g n i f i c a n t  non l i nea r i t i es  t h a t  are 
unpredictable. 
departu,e-?rone o r  departure-resistant t o  spinning (Ref. 51. 

geometry a t  the nose, Reynolds number, and Mach number, up to  incidences where condit ions i n  the lee-side 
crossflow become transonic. As speed increases further, the s ign i f i can t  side forces disappear (Ref. 2). 
The a s y m t r i e s  occur i n  both laminar and turbulent flaws so t ha t  t r a n s i t i o n  i s  presumably no t  an essential 
ingredient causing asymnetry. Notwithstanding, the impl ics t ion from recent tests  by Lamont (Ref. 6 )  w i th  a 
tangent-ogive cy l inder  a t  incidence, a t  Reynolds numbers encompassing laminar, t rans i t ional ,  and turbulent 
boundary-layer separation. i s  t ha t  the vortex Hake i s  less structured i r :  the t rans i t i on  domain leading t o  
reduced side and nonnal forces a t  a given subsonic Mach nuher .  I n  the f u l l y  laminar o r  turbulent  regions, 
on the other hand, where the organization of the flow f i e l d  i s  wel l  defined, the resoective magnitudes o f  
the side force are l a rge r  and are c losely  matched. 
disturbance i n  most wind tunnels w i l l  a lso affect the i n i t i a l  occurrence o f  a s y m t r i e s  (Ref. 7). 
ra t ional  explanation f o r  the development of asymnetry i n  the f l o w  may be re la ted t o  the s t a b i l i t y  o f  the 
ve loc i ty  prof i les  i n  the v i c i n i t y  of the saddle singular po int  t ha t  ex i s t s  i n  the stream above the body 
vort ices (see Fig. 1). I n  the example of  the flou about a c i r c u l a r  cy l inder  s i tuated perpendicularly t o  an 
oncoming stream, Nishioka and Sbto (Ref. 8: determined i n s t a b i l i t i e s  t o  ampli fy i n i t i a l l y  i n  the region o f  
the saddle point, t o  herald the comnencemnt of  asymnetric but well-structured wake f l aw .  Thus, f o r  a body 
of general shape a t  high incidence, we may conjecture tha t  flow perturbations w i l l  impose f luctuations on 
the saddle po int  f low that w i l l  accentuate the i n s t a b i l i t y  mechanism. Evidence points t o  extremely small 
surface i r r e g u l a r i t i e s  i n  the surface curvature a t  the nose ac governing the i n i t i a l  d i rec t i on  o f  the 
asymnetry i n  the vortex flow f i e l d .  This i s  understandable from the fact t ha t  a given body a t  incidence. 
under ident ica l  flan conditions. w i l l  provide a repeatable side force d i rec t i on  a t  a prescribed r o l l  or ien- 
ta t ion;  and near-mirror images of the side-force/incidence performance fo r  ro l l  angles !90", as we show i n  
Fig. 2. Despite t h i s  knowledge. production tolerances on a typ ica l  f i gh te r  a i r c r a f t  may a l t e r  the a s y m t r i c  
vortex flow development s u f f i c i e n t l y  t o  provide unpredictable s t a b i l i t y  problems (Ref. 5 ) .  We do not yet  
understand the influence o f  geometrical imperfections on the f l u i d  nechanics, nor how the nominally s m a l l  
disturbances of the f l u i d  flow a t  these imperfections car, ampllfy so considerably. A small f l a t ,  for 
instance, machined tn  turn on each s ide of the nose of a f iqhter/bmber swing-wing a i r c r a f t  madel was e f fec-  
t i v e  i n  completely switching the sign and amplitude o f  the yawing moment (Ref. 9). 

Flaw A s y m t r y  i n  the lee- .de Vortex Flow F i e l d  a t  High Angles o f  Incidence 

A present-day m iss i l e  o r  m i l i t a r y  f i g h t e r  a i r c r a f t  must p e r f o n  and be contro l lab le up t o  h lgh angles 

Depending on the strengths, locations, and breakdown o f  these vortices, an a i r c r a f t  may be 

The onset o f  asynmetry and the i n i t i a l  d i rec t i on  of the s ide torce are responsive t o  small changes i n  

I t  i s  l i k e l y  that  the leve ls  o f  v o r t i c i t y  and acoustic 
A 
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1.2 Control of Asymnetries i n  the Forebody Vortex Flow F i e l d  

As the development o f  the asymmetry i s  p a r t i c u l a r l y  sens i t ive t o  surface curvature or roughness a t  the 
mse, i t  i s  conceivable t h a t  the degree o f  asymnetry i n  the forebody f low f i e l d  could be contro l led by 
deploying a s ing le  snul l  strake o r  by spinning the nose (Ref. 10). The permanent i n s t a l l a t i o n  o f  s y m t r i -  
ca l  nose strakes a t  the Wo circumferential angle s t a t i o n  (Refs. 3, 11) o r  i n  he l i ca l  form fm the leeward 
W r i d i a n  t o  the winduard ner id ian (Ref. 12). have been shown t o  be ef fect ive a t  sup ressing the onset Of 
asyllmetry. and roughness has been demonstrated t o  provide a s i m i l a r  benef i t  (Ref. 3!. Unfortunately, the 
f i x i n g  o f  "add-on" large excrescences t o  the a i r f r a m  i s  usually detr imental t o  the cruise-drag perfomnce. 
and strakes tha t  t ransforn the synmetry o f  the cross section o f  the nose are accepted less than enthusiasti-  
c a l l y  by radar designers. 

I t would dppear tha t  a t  forebody r e l a t i v e  incidences (incidence t o  seminose angle, a/eC). where a s p  
mtry o f  the m r t e x  wake comnences. we are always dealing not only w i t h  separation o f  the orimary boundary 
layers tha t  develop on each s i &  from the windward generator, but with secondary separations o f  the lee-side 
boundary layer  i n  addi t ion (see Fig. 1). ?he onset o f  as t r y  would seem t o  be characterized i n i t i a l l y  by 
a rapid, loca l  mwment c i rcumferent ia l ly  o f  one ( o r  b o t h E c o n d a r y  separation l i n e s  followed, as incidence 
i s  increased further. by circumferential movement o f  the primary Separation l i n e s  (Refs. 1 and 2). 
asyanetric sk in  f r i c t i o n  l i n e  pat tern on the conical surface development shown on Fig. 3 i l l u s t r a t e s  t h i s  
l a t t e r  f l o w  s i tuat ion,  w i th  "woboly" primary and secondary separation l i n e  traces ex i s t i ng  a l l  along the 
cone (Ref. 13). 

the l a t t e r  does no t  appear t o  be a necessary condi t ion for  the former t o  occur. An appraisal (Ref. 14) o f  
some ea r l i e r ,  low-subsonic speed tests  o f  Shanks (Ref. 15) where forces and moments were measured on very 
slender, f la t -p la te.  de l ta  wings (sweep angles from 70" t o  84') a t  incidence, indicates t h a t  even though the 
separation l ines  were f i xed  a t  the sharp leading-edges, asymnetry i n  the leading-edge vort ices, as deter- 
mined by the onset o f  s i g n i f i c a n t  r o l l i n g  mtnnent, occurred when the angle o f  incidence was about 3 t o  4 times 
the wing seminose angle. 
tures (Fig. 4) .  about another very slender de l ta  wing i m r s e d  i n  a Mach 2.8 f l o w  (Ref. 16). 
the sharp edges have a benef ic ia l  e f f e c t  i n  delaying the onset o f  asymnetry t o  higher r e l a t i v e  incidences 
than those obtaised w i th  smooth pointed forebodies or forebodylcyl inder configurations (Refs. 2-4). 

and secondary separation l i n e  posi- 
t ions coupled w i t h  asymnetric vortex f low [Fig. 3, f o r  exanple). o r  (2 symnetric f i xed  primary separation 
l i n e  posit ions (but  arymnetriem no do3bt. i n  secondary separation pos i t ion)  i n  Fig. 4. s t i l l  y i e l d i n g  
asymnetric vortex flow a t  su i tab ly  high angles o f  attack. The reasons f o r  such f l o w  behavior are ev ident ly  
conplex and perplexing. Nevertheless, the ampl i f icat ion of perturbations t o  produce an i n s t a b i l i t y  a t  the 
saddle po in t  (Ref. 3) (and t o  which we al luded previously) would seem t o  cover the scenarios presented. 

the eff icacy o f  making small changes t o  the nose geometry by novel act ive o r  oassive means t o  a l t e r  asym- 
metries i n  the lee-side f l o w  f i e l d  about a t yp i ca l  conical forebody. This takes the form o f  symnetrical ly 
and asymnetrical!y disposed blowing from. respectively, an external compressed a i r  source, or f r o m  a com- 
bined passive suction/blowing scheme f rom the windward side t o  the leeward. Some recent resu l t s  o f  Sharir.  
Portnoy. atid Ram (Ref. 17). for instance. have demonstrated the potent ia l  f o r  control by synnetr ical blowing 
normal t o  the surface. They of fered the surpr is ing r e s u l t  t ha t  blowing symnetrical ly from j e t s  on the wind- 
ward side o f  the nose o f  a miss i le  configuration provided the m s t  ?ffect iveness i n  diminishing the side 
force. 
duce an even greater irrpression on the asymnetric f low development 

I t w i l l  be noted tha t  i n  i t s  offering of some comprehension of the f l u i d  mechanics o f  pneumatically 
perturbing the a s y m t r i c  vortex f l o w  on a t yp i ca l  forebody, t h i s  paper i s  a cornDanion t o  the paper pre- 
sented a t  t h i s  meeting by Skow. Moore. and Lorincz (Ref. 18) which discusses the recovery o f  cont ro l  and 
tne enhanced s t a b i l i t y  afforded by nose blowing on a f i g h t e r  a i r c r a f t  configuration. 

2. MODEL AND EXPERIMENTAL METHOD 

The 

Here, the free-stream Mach number i s  2.94 and the r e l a t i v e  incidence i s  4.5. 

The asymet r i c  vortex wake usually develops fm asymnetric separation l i n e  pos i t ions on the body, but  

This incidence f o r  asymnetry i s  splendidly i l l u s t r a t e d ,  on the vapor screen p i c -  
Nonetheless, 

Hence. we have the scenarios o f  (1) leeward asymnetries i n  prima 

Thus, the object ive o f  the present invest igat ion i s  t o  understand the f l u i d  mechanics and t o  assess 

We conjecture tha t  blowing from the lee  side. i n  the v i c i w t y  o f  the separation l ines,  should pro- 

A c i r c u l a r  cone i s  the basic nose shape of  many f l i g h t  vehicles. A t  r e l a t i v e  incidences t y p i c a l l y  less 
than 3,  i t  provides a useful configuration on which t o  develop symnetrical three-dimensional separPted 
boundary layers growing. respectively, on the po r t  arid starboard sides from the windward meridian t o  the 
leeward meridian. Becduse of the near con ic i t y  o f  the separation l ines  and vortex development i n  both sub- 
sonic and supersonic turbulent flows ( tha t  i s ,  neglecting the effect: o f  t rans i t i on ) ,  the cone a lso provides 
a convenient exper iwn ta l  model t o  explore three-dimensional separations from aeta i led measurements a t  only 
one ax ia l  s ta t ion.  
t ha t  may be applicable t o  many other conplex f l o w  regimes. Above a r e l a t i v e  incidecce o f  3 f o r  the c i r c u l a r  
cone, however. the lee-side separations become asymnetric i n  subsonic f l o w .  

5' semiangle cone, st ing-munted on a ro l l - gea r  i n  the Ames 1.8- by 1.8-m (6- by 6 - f t )  closed c i r c u i t  wind 
tunnel (Fiq. 5) a t  a Mach number of 0.6. 
number o f  13.5 
face. 
was considered t o  occilr along the i n i t i a l  20' of the cone length i n  t h i s  wind tunnel a t  Mach 0.6 h e r e  the 
r e l a t i v e l y  high acoustic disturbance level  equalled 3'. of the Free-stream dynamic presslrre. 
data by 0. Rue11 and K.  Raman, NASA-Anes Research Center.) 
t i p  wi th  a radius of 4? o f  the base radius. 

A l l  deta i led measurements on the cone surface (0" r $ 5 *180") and < $ I  the lee-r ide f!ow f i e l d  were made 
a t  an ax ia l  s ta t i on  0.87 of the cone length a f t  o f  the (pointed) apex. 
t r i bu t i ons  were obtained wi th  0.51-mn (0.020-in.) diameter s t a t i c  holes spaced rlt 2-1 /2"  i n te rva l s  for  
0 ,' : 2 &90" and a t  1 "  in terva ls  for  anqles 90" r : 2 *180". 
cone generator and a t  the 0.85 and 0.95 ax ia l  lenqth stat ions, were connected v i a  "scanivalves" t o  unbonded 

I n  so doing. a quantit;:ive understanding of three-dimensional separation can be obtained 

Recent measurerents have been made of  the symnetric and asymnetric f low regimes on a 1.4-m (54- io . )  lonq, 

Stagnation pressures were subambient, y ie ld ing  a t yp i ca l  Reynolds 
10' based on the cone lenqth w i th  nominally zero heat t ransfer  conditions a t  the cone sur- 

No a r t i f i c i a l  t r i pp ing  of  the laminar boundary layer  WE employed i n  the nose reqion. Trans i t ion 

(Unpublished 
The cone model was f i t t e d  wi th  a s l i q h t l y  blunted 

Circumferential mean pressure d fs -  

T h e s t  or i f i ces ,  as well  as  others alonq 1 
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, 

strain-gage pressure tmnsducen. k note t h a t  @'port" and "starboard" re fer  t o  the left-hand and r i g h t -  
hand sides o f  the cone as a p i l o t  would view them. The pos i t i ve  + d i rec t i on  i s  on the stwboard side- 

A t  a r e l a t i v e  incidence o f  2.5. where sylnnetrical separated flaw condit ions s t i l l  prevailed, p i t o t  
pressures were measured i n  the lee-side vortex wake with an array of 77 p i t o t  tubes. Supportive three- 
dimensional l ase r  velocineter measurements of mean and root-mean-square ve loc i t i es  were obtained a t  the SBme 
r e l a t i v e  incidence a t  the 0.87 a x i a l  s ta t ion.  The ve loc i t y  f i e l d  i n  the wake a t  points i n  the crossflW 
plane (perpendicular t o  the model ax is)  was measured w i th  a two-color. forward-scatter, frequency-offset 
l ase r  velocimeter, al lowing two ve loc i t y  components t o  be obtained simultaneously. A l i n e  diagram of the 
layout  o f  the velocimeter i s  shown on Fig. 6(a) and a photoarap o f  the sending opt ics  i n  Fig. 6(b). With 

These primary beam were each s p l i t  by the Bragg c e l l s  B aild B, t o  obtain two pa i r s  o f  divergent. 
frequency-offset beams. Each p a i r  of beans then passed through a "cube" (C, and C2)  t ha t  was ground t o  be 
s l i g h t l y  "off-square" to r e c t i f y  the divergence. 
sending opt ics  and uere focused a t  the sane point w i t h i n  the f law t e s t  region. Col lect ing op t i cs  on the 
f a r  s ide of the wind-tunsel t e s t  section re-focused the  scattered l i g h t  onto a p a i r  o f  photomul t ip l ier  
tubes. The signals from those tubes were then processed t o  obtain two components o f  ve loc i t y  o f  p a r t i c l e s  
passing through the focal volume. Since we were seeking three ve loc i t y  components. two sets of measurements 
were taken. I n  the f i r s t  set, the laser  beams were s e t  n o m 1  t o  the tunnel axis so tha t  the a x i a l  (u) and 
ve r t i ca l  (w) ve loc i t y  components larere found. From these two components the ax ia l  and v e r t i c a l  v e l c c i t i e s  
i n  the crossflow plane perpendicular t o  the body axis could be r e s o l w d  (see Fig. 6(c)). For the second set, 
the t ransmi t t ing opt ics  were rotated 21" about the z-axis and the measurements repeated. Now, O W  V e l O e i t Y  
component measured was again the ve r t i ca l  ve loc i t y  whereas the second was a cornbination o f  the a x i a l  ve loc i t y  
(u) and the l a t e r a l  ve loc i t y  (v) i n  wind-tunnel coordinates. Thus, since the a x i a l  ve loc i t y  had already been 
measured. the l a t e r a l  ve loc i t y  could then be calculated. 
f l a w  plane i s  obtained, since i t  i s  the same i n  both wind-tunnel and body coordinates. 

t o  remove d i rec t i sna l  anbiguity from the rasurements. Without t h i s  capabi l i ty ,  (ken and Johnson (Ref. 19) 
have cautioned ag,:anst be l iev ing any measurements i n  flows tha t  are unsttsdy o r  possess a h igh degree Of 
turbulence. 

P r i o r  t o  obtaining the p i t o t  and laser  velocimeter measurements a t  the r e l a t i v e  incidence of  2.5. the 
pos i t i on  o f  the lee-side vort ices adjacent t o  the cone surface was establ ished under symnetrical and a s p -  
lnetr ical wake conditions u t i l i z i n g  a vapor-screen technique. 
a t h i n  cross section o f  the flow, about 2 mn (0.1 in.) t h i ck  was i l luminated. 
passing e i t h e r  the oreen beam o r  the blue beam o f  the laser  through a c y l i n d r i c a l  lens (Fig. 7). 
the locat ion o f  the beam focus, a l i g h t  sheet o f  variable divergence angle could be produced t o  i l l um ina te  
the crossflow. The lens could be rotated manually about the y-axis and long i tud ina l l y  and v e r t i c a l l y  using 
the velocimeter traverse gear such that  any cross-sectional plane i n  the f l o w  w i t h i n  the f i e l d  of view c i r -  
cumscribed by the tunnel window could be observed (see Fiqs. 5 and 7). Photographs o f  the scattered l i g h t  
were takes with a camera mounted on the s t i ng /s t ru t  support, the cawra  ax is  beina set nominally o a r a l l e l  
w i th  the cone surface. P r io r  t o  each t e s t  run a grid, placed a t  the a x i a l  t e s t  stat ion, was Dhotographed; 
the dimensions o f  the separated shear layers could then be compared against the gr id .  This f low visual iza- 
t i o n  experiment was c l e a r l y  irrportant t o  determine a su i tab le mesh area over which t o  scan the focused laser  
beams t o  obtain the f low ve loc i t ies.  

Once the symnetrical separated flow f i e l d  had been investigated, small amounts o f  blowing near the nose 
were introduced i n  an attempt t o  control the gross asymnetriris i n  the lee-side flow tha t  develop above a 
r e l a t i v e  incidence c f  3. The frustum a t  the f ront  of the cone model i s  detachable, as shown i n  Fiq. 8(a). 
Several new f rus t ra  of  i den t i ca l  external shape were machiwd t o  include blowing holes a t  various circum- 
ferent ia l  stat ions ( O ' ,  +60", ?120", ar,d +150') and two or ' f ice diameters, 2.4 mn (0.096 in . )  and 3.6 mn 
(0.140 in.) (Fig. 8(b)). The holes were d r i l l e d  norma? t o  the cone surface a t  the 12% ax ia l  s t a t i o n  ( f r o m  
a pointed apex). As wel l  as providing for blowing normal t o  the surface. sets o f  r ight-angle tubes were 
constructed tha t  could be inserted and glued i n t o  one j r  more o f  the surface holes t o  d i r e c t  the a i r  
upstream o r  downstream along the loca l  cone gene-etor. The a i r  passed t o  the plenum chamber i n  the nose 
frustum via a s tee l  and f l e x i b l e  pipe withi;, the cone model t ha t  was suDplied w i th  compressed a i r  from an 
external source. A sens i t ive t h r o t t l e  valve outside the tunnel permitted control o f  the blowing pressure 
up t o  a maximum o f  8 a t m  i n  the blowing plenum. corresponding w i th  a maximug r a t e  f l o w  m o f  about 0.023 kg 
mass/sec (0.0016 slugs/sec). 
o r i f i c e  and a discharge coe f f i c i en t  of 0.8. The thrust  coef f ic ient ,  C,. was referenced t o  the base area of 
the cone. Note that  i f  the cone length i s  considered representative of an airplane nose a s  f a r  back as the 
cockpit and the airplane i s  ak in  to  a F-5 f ighter. say, an equivalent thrust  coe f f i c i en t  based on winq area 
i s  0.05 times C,,. 

Overall force and moment measurements were obtained w i th  an i n te rna l  strain-gage balance. Mean and 
root-mean-square forces were measured. (P r io r  to  the t e s t  runs, the natural resonances i n  the cone/stino 
s t r u t  support system were determined by shaking the model i n  the normal-force and side-force d i rect ions. )  
I n i t i a l l y  a l l  blowing ports were blocked w i th  epoxy sea?er. 
incidence performance was ascertained, the appropriate side on which t o  e jec t  the blowing a i r  was conjec- 
tured as tha t  opposite t o  the d i rect ion of the side force. I n  other words, if the p i l o t ' s  view were side 
force to  starboard, the starboard vortex would be cioser to  the surface, and openinq a blowinq por t  beneath 
the port-side vortex would reduce the asymnetry from the j e t  sink and entrainment e f fec t  (see Ref. 18). In 
a pract ica l  a i r c r a f t  i ns ta l l a t i on .  yaw ra te  as measured on a yaw accelerometer would ind icate the aooropriate 
side f r o m  which to  i n j e c t  a i r  ( o r  other suitable qas). 
and the ra t i ona l i za t i on  fo r  the choice of the c i rcwnferent ia l  blowing locat ion($)  are Dresented i n  the 
fo l lowing sections. 
development a t  a constant blowing rate;  and the effect of blowino r a t e  on side force a t  a constant incidence. 
The effectiveness o f  s y m t r i c a l  blowing versus asymmetric hlowinq i s  also discussed. 

t h i s  system, t t e  two primary l ase r  l ines, n a m l y  4880 and 51'15 k , were separated by mans o f  a prism, p.  

The four  resul tant  p a r a l l e l  beams proceeded through the 

Xn other words, the l a t e r a l  ve loc i t y  i n  the cross- 

The Bragg ce l ls ,  which produce zero-velocity frequency o f f se ts  i n  both c o l o r  systems, were incorporated 

Water was introduced i n t o  the tunnel flow and 

By changing 
This uas accomlished by 

The j e t  momentum f lux was calculated assuming sonic condit ions a t  the j e t  

Once the no-blowinq side-force d i rec t i on  vemus 

The deqree t o  which t h i s  philosonhy was successful 

Typical resul ts  a r e  also shown i n  the form of the ef fect  o f  incidence on side force 
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3. RESULTS 

3.1 Symnetric Separaticn o f  the Lee-Side Cone Flow 

fie physical character is t ics  o f  the synmetric mean f l o w  f i e l d  about the 5" semiangle cone immersed i n  
a #ach 0.6 stream a t  a r e l a t i v e  incidence o f  2.5 were discussed i n  Ref. 20. 
results, h w e w r ,  are included t o  support the present laser  velocimeter measurements. Figure 9 displays 
c iRumfeent ia1 pressure d i s t r i bu t i ons  a t  the 0.87 length s ta t i on  f o r  a r e l a t i v e  incidence of 2.5. We note 
good ag-wnt b e m n  the tu0 scans o f  data shown on the respective po r t  and starboard sides. Haever. 

yawed condit ion o f  the model r e l a t i v e  t o  d e  oncoming free stream. 

As the three-dimensional boundary layer  develops from the windward attachment l i n e  region ( e  = 0") 
t m a p j  the m i n i m  pressure point  a t  .$ - looo. the crossflow grows rapidly. 
sketch o f  a typ ica l  sk in  f r i c t i o n  l i n e  t ra jectory  corresoonding w i th  t h i s  accelerat ing f?ow f i e l d .  3nCe 
past the flank, the boun&ry layer  proceeds around the lee side o f  the cone and encounters a s t i f f en ing  
a d w n e  pressure gradient [;i3. 9). It thickens rap id l y  as we see i n  the l ase r  vapor screen f low v isual iza-  
t i o n  photograph on Fig. 11. The angle bebeen the sk in  f r i c t i o n  l i n e  and a cone generator gradually reduces 
t o  r e m  (Fig. 10) aL r h i c h  po in t  the sk in  f r i c t i o n  l f n e  runs p a r a l l e l  t o  a generator, the primary separation 
l ine.  bS, 2 145". Thr boundary layer  detaches f r o m  the surface t o  form a t i g h t l y  co i l ed  vortex shown i n  
Fig. 11. Contours o t  constant p i t o t  pressure d e f i c i t  i n  the vo r t i ca l  flow f i e l d  are p lo t ted  i n  Fig. 12. 
vortex core locat ian is close t o  .$ = 170" above the surface, f u r the r  evidence o f  which i s  shown on the 
p~5sur .e  d i s t r i b u t i o n  o f  Fig. 9. A t  t h i s  same c i rcumfer?nt ia l  angle, we detect a SUbStantidl suction ueak 
on e i t h e r  side o f  the leeward meridian. This ro l l - up  o f  the primary boundary layer  scavenges f l u i d  f r o m  the 
region o f  the leeward meridian encouraging a new boundary-layer growth outward and beneath the primary 
vortex structure. 
gradient and separates a t  052 = 160" as a small secondary vortex tucked beneath the orimry. 
vortex i s  w i th in  the small l obu la r  region shown on the p i t o t  contours o f  Fig. 12. 

The ro ta t i ona l  sense o f  the secondary f lw (see Fiq. 1) could a lso be seen when viewing the laser  vapor 
screen through tht' tunnel window, but  i s  not resolvable from the photographs o f  the flow. 
verging s k i n  f r i c t ; on  l i n e  d i rect ions close t o  the primary and secondary separation l ines are drawn on 
Fig. 10. A t  the locations o f  the separation l ines. the root-mean-square voltages (normalized by the voltage 
o f  the onset mean f l w )  measured by a buried wi re i n  the cone surface as the cone was r o l l e d  about i t s  p i t c h  
axis indicated substantial ampl i f icat ion o f  f luc tuat ion lcve ls .  (This can be done, as there i s  v i r t u a l l y  EO 
s e n s i t i v i t y  o f  the symmetrical separated flow t o  ro l l  or ientat ion.  i n  d i s t i n c t  contrast t o  the ssymnetric 
flow. ) Correspondingly, when the root-mean-square pressure f l uc tua t i on  a t  the surface was normalized w i t h  
respect t o  the value of the loca l  resul tant  shear stress, large increases i n  siqval leve l  were a lso 
obtained a t  the separation l i n e  posit ions. These and addi t ional  de ta i l s  are explained f u l l y  i n  Ref. 23. 

obtained by the laser  velocimeter and sham on Figs. 13 and 14 appear to  confirm the d isposi t ions o f  the 
primary and secondary vort ices i n  r e l a t i o n  t o  the p i t o t  and vapor screen results. Figure 13. f o r  examole. 
a t  5 = 0.3. shovrs that  the ax ia l  ve loc i t y  grows from a minimum value a t  the inboard extremity o f  the 
primary vortex (nearest t o  the meridian plane) t o  a maximum a t  the outboard extremity. Maximum values o f  
root-mean-square ve loc i t y  f luctuations occurred i n  the v i c i n i t y  o f  the core pos i t ions (see alsc Ref. 20). 
The v e r t i c a l  ve ioc i t ies are shown on Fig. 14. The p l o t  on Fig. 15. obtained from Fig. 14, ill trates the 
v e r t i c a l  ve loc i t y  i n  the meridian plane and indicates the pos i t i on  o f  the saddle singular ooit,L tha t  we drew 
on Fig. 1. Comparing t h i s  r e s u l t  a t  ,T = 0.43 w i th  the region o f  measured p i t o t  contours shown on Fig. 12. 
we observe t h i s  saddle-point locat ion to be above the extremity of tk  vortex, i n  accordance w i th  the f low 
model postulated on Fig. 1. We note further tha t  i n  the conjectured crossflow pro ject ion (not a conical 
pro ject ion)  o f  the streamlines about the cone cr r  section i n  Fig. 1, that  the sum of the nufiber o f  h a l f -  
saddle singular points a t  the surface. nodes (foe') and saddle po int  i n  the stream, s a t i s f y  the aopropriate 
topology law (see Refs. 21 and 22). hence. t h i s  flow topology. ve r i f i ed  in most respects by the meusure- 
ments, appears t o  be a ra t i ona l  model o f  the flow. 

f r o m  the data. Sample checks. however, ind icate peak values t o  e x i s t  above and below the vortex centers, 
i n  accordance w i th  i n t u i t i v e  reasoning. 

3.2 Asymnetric Separation of the lee-Side Cone Flow 

Figure 16 i s  a laser  vapor-screen crossflow p i c tu re  o f  the Mach 0.6 lee-side separated flow about the 
cone a t  a r e l a t i v e  incidence of 2 .9 ,  once a s y i m t r y  has comnenced. As incidence i s  raised fur ther ,  the 
seconday vort ices (see Fig. 1) become ayitated, increasing i n  unsteadiness t o  the point  o f  imoosfnq motion 
on the primary vort ices and t h e i r  associated feeding shear layers. A t  t h i s  pa r t i cu la r  combination o f  Mach 
nuher .  Reynolds number, and cone confiqurdtion w i th  4" nose bluntness, the starboard vortex moved aw;y f r o m  
the cone surface, tending to r o l l  over on ton o f  the port-side vortex. This event i s  shown on F iq .  17 as an 
oblique p i l o t ' s  view fmrr the po r t  side. The vort ices appear m r e  d i f f use  than i n  the symnetrical separated 
flow, but there i s  no evidence o f  shedding. 

move toward the side o f  the cone against which one vortex i s  c l o s e s t  ( the por t  side i n  th is  case). 
demonstrates that the i n i t i a l  d i rec t i on  o f  side force i s  indeed toward the por t  side ( i . e . ,  a neqative side- 
force coef f ic ient ,  Cys) i n  the free-stream Mach number ranqe O.6 . M, , 0.95 a t  RL, = 13 .5  . 10 ' .  
i n  side-force d i rec t i on  w i l l  occur if the vort ices reverse t h e i r  d ispos i t ion so that the ;tarboard vortex i s  
now closest t o  the surface. Fiqure 18 i l l u s t r a t e s  that a t  Mach 0.6 the reversal i s  inminent a t  a r e l a t i v e  
incidence o f  about 4.4. 
a t  low incidences systematic wi th  the discrepancy between the por t  and starboard pressure d i s t r i b ~ r t i o n s  d is-  
played on Fig. 9. 

Sal ient  features of those 

w e  two sides there i s  a discrepa?Fy i n  pressure leve l  which may be a t t r i bu tab le  t o  a s l i g h t l y  

Figure 10 i s  a representative 

The 

This new boundary layer, a f t e r  i n i t i a l l y  accelerating, then meets i t s  own adverse ~ressure 
The secondary 

The tyo ica l  con- 

Preliminary assessmnts of the d i s t r i bu t i ons  of a x i a l  and ve r t i ca l  ve loc i t i es  i n  the crossflow plane 

The l a t e r a l  ve loc i t ies,  t o  be obtained f rom the i nc l i ned  opt ics  measurements. have not  yet  Seen reduced 

Along w i th  t h i s  movement i n  the lee-side flow structure, we would ekoect the resul tant  force vector to  
Fiqure 18 

A switch 

A t  a l l  Mach numbers, we should po int  out that  a small pos i t i ve  o f f s e t  i n  Cyg exis ts  

i 
1 
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As Mach n u h e r  increases t o  supersonic, the conmencement I n  divergence o f  the s ide force i s  less pre- 
c i se  and i s  delayed t o  higher r e l a t i v e  incidences. For purposes of coqar lson.  Fig. 19 presents side force 
versus incidence data taken w i th  the same cone body as used herein but  f i t t e d  w f th  a sharp apex, i n  the 
WE Ottawa 1.5- by 1.5-m (5- by 5- f t )  blowdown wind tunnel a t  elevated Reynolds numbers, RL, - 35 x IO6.  
I n  subsonic f low,  the onset o f  asylrmetry occurs a t  a lower r e l a t i v e  incidence with the sharp t i p  than w i th  
the b lun t  t i p .  The substantial attenuatlon o f  side-force amplitude with increase o f  k c h  number, h in ted a t  
f n  F1 . 18, i s  demonstrated ili lpresslvely on F i  . 19. A t  Mach 4.27, there i s  no side-force d e v e t o m n t  UP 
t o  m!atfw incidences o f  a t  l eas t  5, under whlch conditions Rainbird (Ref. 23) has denunstrated the exis- 
tence o f  strong Einbedded shock waves i n  the lee-side crossflow. These shocks ce r ta in l y  apoear t o  encourage 
a return t o  f l o w  s m t r y  close t o  the body as we may i n f e r  from the highest incidence case shown for the 
delta-wing f l o w  on Fig. 4. 

There i s  ev ident ly  a dependency o f  onset o f  asymnetry on cone t i p  condi t ion (and ShaDe) as wel l  as 
Reynolds number and Hash number, as we present i n  s m a r y  form on Fig. 20. The c r i t i c a l  angle of incidence 
f o r  the onset o f  s ide force i s  here expressed as the incidence where the s ide force reaches 5% of the normal 
force. Me note tha t  the onset angle o f  incidence varies between 2.5 and 4.5 times the cone sminose angle, 
a range sonewhat h i  her than the nominal value o f  2 reported f o r  sharp cones and tangent-ogives by Keener 
and Chapman (Ref. 37 f o r  Mach numbers less than 0.6. Their onset condition, however, was taken as the 
incidence where the divergence i n  s ide force comnenced, and so w i l l  always be less than t h ?  c r i t e r i o n  used 
above. 

3.3 Control by Blowing o f  the Asymmetry i n  the Lee-Side Cone Flow 

3.3.1 Side Force/Incidence Per fomnce  w i th  a Constant Rate o f  Normal o r  Tangential Blowing 

Ne speculated i n  section 2 (and see Ref. 18) that  the i n j e c t i o n  o f  a small quant i ty  o f  a i r  from one 
side beneath the vortex far thest  from the surface would tend t o  reduce the asymnetry i n  the lee-side vortex 
pa i r ,  the turn ing and penetrat ing j e t  flow providing an entralnment e f f e c t  on the vortex. I n  section 3.2, 
we learned tha t  the secondary vort ices became v io len t l y  unsteady once asymnetry began and incidence con- 
tinued t o  increase. Consequently, the f i r s t  blowing pos i t i on  t r i e d  was a s ing le  o r i f  :,: a t  m = 150' and 
was s i tuated nominally between the locations o f  the primary and secondary separation l i nes  (see Fig. 10). 
Before opening a blowing hole, however. the developllent o f  the s ide force w i th  incidence was measured; the 
tes t  was then repeated w i th  the epoxy sealer removed froa the blowing hole, but w i th  no a i r  in ject ion,  t o  
determine whether the roughness o f  th2 hole i t s e l f  had an influence. 
ness introduced on the lee-side o f  the cone made negl ig ib le  change t o  the r e l a t i v e  incidence a t  which 
s ign i f i can t  s ide force developed. 

: = 150" I n  contrast w i t h  the o r i g i n a l  cone nose labeled Config- 
t l rat ion 1, whose i n i t i a l  side-force tendency wa: i l l u s t r a t e d  i n  Fig. 18 t o  be t o  po r t  (negative CVB) t h i s  
replacement nose (Configuration 2) develop-d side force t o  the starboard side. Hence the blowino hole was 
opened a t  c = -150" beneath the high vortex s i tuated on the Port side. The i n t r o d u c t i m  o f  the j e t  s i r  
with C, - 0.003 a t  r e l a t i v e  incidences up t o  2.5 exacerbated the no-blow CYB magnitudes by maqy times 

C,. Once a r e l a t i v e  incidence o f  3 was reached, however, the j e t  became h igh ly  i n te rac t i ve  w i th  the lee- 
side vort ices t o  cause a complete reversal irl  the trend of side-force develooment. I n  Fig. 21, we see tha t  
the side-force coef f ic ient  reduces rap id l y  i o  zerd and increases i n  the opposite d i rec t i cn  t o  t ha t  o f  the 
no-blowing case. F igwe  21 also displays tha t  the root-mean-square amplitude of the side-force flu,tuation 
(obtained from the balance) i s  attenuated a t  high incidence once the blowing i s  act ivated. 

If the one b l w i n g  o r i f i c e  between the primaru Jnd secondary separations can exercise such powerfui 
control by f l u i d  ampli f icat ion. what would be the e f fec t  of two j e t s ?  A second o r i f i c e  o f  the same size o f  
2.4 mn (C.096 i n . )  was then opened a t  : =-120". This o r i f i c e  was s i tuated on the windward s ide o f  the 
pri,aary separation l i n e  and i s  denoted as Configurat;on 4 .  I n  Fig. 21. we demonstrate no addi t ional  improve- 
ment : r i t b  two holes blowing over the perfo<mance with the s ing le o r i f i c e .  The s ign i f i can t  c o n t r o l l i n q  
influence i s  exerted, evidentiy, inboard of the p-inary seoaration l i n e .  Hence the windward pos i t i on  o f  
blowing chosen as optimum by Sharir, Portncy, and ?om (Ref. 17) on a miss i le  confiquration would not 
necessarily seem t o  be the most applicable. 

the cone body i n  which 2.6-m (0.140-in.) diameter blowing o r i f i ces  had been machined, Confiauration 5. 
Figure 22 shows that  the no-blowing side-force/incidence c h a r x t e r i s t i c  fw Configuratioc 5 i s  once again 
d i f ferent  than the t w o  previcus no-blowing cases ( IL i f i qu ra t i ons  1 and 2) .  
side force i s  toward the por t  side but reverseq a t  d re!ative incidence of 3.6. To con tm l  the i n ! t i a l  
d i rec t i on  o f  side-force, a blowing o r i f i c e  was 3pened a t  : = 150' on the starboard side, Configuration 6. 
Figure 22 shows that  blowing a t  C.. = 0.006 pruvided a pos i t i ve  reversal i n  the i n i t i a l  trend o f  side- 
force develoDment, which with increasing incidence, continued t o  generate ever-increasing pos i t i ve  Cy*.  
F ' l u re  22 ~ l s o  demonstrates the acceptable repea tab i l i t y  obtainable for the given nose over a soread o f  days 
between tests. 

Next ,  a bassive suction!blowing scheme was tried by w e n i q  another 3 .6 -m (0.14C i n . '  diameter hole a t  
: = 0' on the windhard ray. This i s  ca l l ed  configuration 7 .  With the external sursi o f  co.i~ressed a i r  
closed of f ,  a i r  from the approaching windward f low could entnr the plenum w i th in  the f rus t  ~m and exhaust 
out o f  the : = 150' h o l e  on the leeward side. The in f lgw through the : = 0" hole wa: smdott.-.d by means 
o f  a courtersunk "be l l - routh"  entry. Figure 22 shouts that no a l l e v i a t i o n  ifl s i l e - f o r c e  divergence ~ r c u r r e d  
when ioniparing tke res::lts wi th  the no-blowin case. A r d r t i a l  explanation for the fa i l u re  n,ay be a t t r i bu tzd  t o  a s i gn i f i can t  flow l o s s  i n  the windward noye leaving only a marginal pressure dif ference t o  dr ive a r , j  
" in jected"  a i r  through :he second o r i f i c e  on the leewdrd s i d e .  

Retaifiing the t w o  "pen o r i f i ces  a t  
side was a l s o  unpluqged (Configuration 8 ) ,  a!lowinq ,ir t o  'ssge s y m t r i c a l l y  about the cone. 
Forcelinc;dence perforrlance f o r  t h i s  l a t t e r  blowin? arrangenent i s  a l s o  disnlayed i n  F i r l .  2 2 .  

The usual resu l t  was tha t  hole rough- 

:he e f f e c t  o f  blowing n o m l l y  t o  the cone surface fran a s ing le  2.4-mn (0.096-in.) diameter hole a t  
i s  shown as Configuration 3 i n  Fig. 21. 

A tes t  wi th  a larger  blowing o r i f i c e  was tben attemoted. Another conical nose frustum was attached t o  

The i n i t i a l  d i rec t i on  o f  the 

Dues d s y m t r i c a l  blowing geometry o f f e r  an irprsvement over the asymmetric scher,e$ looked a t  SO f a r ?  
! = O', 150' a s  i c  Configuration 7 ,  the : = -150'  o r i f i c e  on the "or* 

The side- 
i.,e d e t e c t  t h a t  
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the  s y m t r i c a l  blowing ra te  o f  C, - 0.010 del  .ts the onset of a s y m t r y  up t o  a r e l a t i v e  incidence Of a t  
l e a s t  3.4. b u t  loses i t s  ef fect iveness a t  higher incidences. 
u n l t  blowing mss o r  mmntwn f lux .  we might infer, from comparing Figs. 21 and 22, t ha t  the  asymnetric 
s ing le hole blowing scheme a t  4 = 150" i s  the  most effective. 

(0.140-in.) diameter hole a t  $ = 150' w i t h  the  blowing e x i t  d i rected along a body generator towards 
upstream, i s  shown i n  Fig. 23. We see tha t  the  i n i t i a l  divergence i n  s ide force without blowing (ionfigura- 
t i o n  9) i s  erased when the in jected a i r  issues a t  C, - 0.005 (Configuration 10). Blowinq i n  the  downstream 
d i rec t i on  provides a s imi lar ,  favorable r e s u l t  (Configuration 12 and see Ref. 18). 

It i s  renarkable. perhaps, t ha t  the  d i rec t io r l  o f  blowing. whether normal, o r  tangent ia l  upstream o r  
tangent ia l  downstream. makes neg l i g ib l y  small d i f ference t o  the  degree o f  control  ava i lab le (compare Figs. 22 
and 23). It i s  as though the asymnetric,,jet. i n  terns o f  i t s  e f fect  on the  forebody flow. may br thought 
o f  as a "contro l lab le roughness element. 
lee-side f low f i e l d  i s  ev ident ly  more complex and s t r i k i n g  than t h i s  analogy might allow, as we see on the 
sequence o f  l ase r  vapor screen p ic tu ies  demnstrated i n  the next section. 

3.3.2 Cone Surface Pressures and Laser Vapor Screen Flow Visual izat ion dur ing an Incidence Sweep with a 
Constant Rate o f  N o m 1  Blowing, Configuration 6 

I n  Fig. 24. we view selected l ase r  vapor screen pictures and Circumferential d i s t r i bu t i ons  o f  surface 

I n  terms o f  degree o f  s ide-force cont ro l  Per 

The windward hole a t  4 = 0" was plugged. The resu l t  of i nse r t i ng  one r ight-angle tube i n  the  3.6 inn 

Notwithstanding, the  r o l e  o f  the j e t  i n  the  development of the 

pressure a t  the 0.87 ax ia l  s ta t i on  f o r  Configuration 6 w i t h  a constant blowina rate, C, - 0.006. 
resu l ts  correspond with the  side-force/incidence performance i l l u s t r a t e d  i n  Fig. 22. a t  r e l a t i v e  incidences 
o f  0.43, 1.26. 2.08, 2.48. 2.9. and 3.72. The f low v i sua l i za t i on  pictures are views from the o i l o t ' s  posi- 
t ion ,  behind the  cone base. 
nature o f  the vort ices with no j e t  f low shown on Figs. 11 and 16, i s  thought t o  be associated wi th intense 
scat ter ing o f  l ase r  l i g h t  from addi t ional  condensation occurr ing i n  the je t -vor tex f low due t o  a low stag- 
nat ion temperature i n  the j e t  a i r .  

from the  ,+ = 150' o r i f i c e ,  turn ing rap id l y  as i t  plumes outwards. 
f low i t s e l f  are o f  opposite s ign  t o  those on the cone (w i th  eventual separation) and are contained within 
the  mushroom-shaped top of the vapor cloud. The pressure d i s t r i bu t i ons  on the same f igures i nd i ca te  no 
c lea r l y  determinable perturbations resu l t i ng  from the j e t  flow. A t  r e l a t i v e  incidences of 2 and above on 
Figs. 24(c)-( f ) .  the flow v isual izat ion shows the j e t  as I separate snake-like e n t i t y  ex i s t i ng  above the body 
vort ices.  The f low v isual izat ion records a t  re la t i ve  incidences o f  2.08 and 2.48, and the pressures i n  
Figs. 24(c) and (d). both corres ond w i t h  overa l l  side-force magnitudes near zero. Further increase i n  
r e l a t i v e  incidence i n  Figs. 24(e! and ( f )  shows a s t r i k i n g  di f ference between the  s ize  o f  the p o r t  and s ta r -  
board vortices. with the starboard vortex, as i t  i s  c loser t o  the surface, oroviding not iceable peaks i n  
suct ion pressure and hence side force t o  the r i gh t .  The mushroom cap t o  the vapor cloud becomes kidney- 
shaped concomitant w i th  a counterclockwise r o t a t i o n  of the j e t  vort ices as we see i n  the  hypothesized f low 
structures i n  Fig. 25. We note tha t  a t  the highest r e l a t i v e  incidence o f  3.7 shown i n  Fig. 24( f \ ,  the  j e t  
flow has appeared t o  a l l y  i t s e l f  w i th  the (weaker) port-s ide vortex. The equivalent pressure d i s t r i b u t i o n  
i n  Fig. 24( f )  d isplays a complete asymnetry a t  a l l  circumferential locat ions.  

The essent ia l  difference between the  a l ternat ive f low structures shown on Fiq. 25 i s  the saddle-point 
formatior! above the body vortices. 
saddle po in t  (see Fig. 1) i s  the governing flow mechanism promoting vortex asymnetry (roughness and waviness 
a t  the nose simply providing the  i n i t i a l  d i rec t i on  tha t  the s ide force should take) then Fig. 25(a) allows 
tha t  the movement of the saddle po in t  of Fig. 1 t o  a loca t ion  we l l  away from the body, above the forebody 
vort ices pl!is j e t ,  should reduce the influence o f  the saddle point .  The sketch i n  Fig. 25(b), on the other 
hand, s t i l l  permits the enclosing saddle po in t  on Fig. 1 t o  be positioned close t o  the body surface where 
i t s  influence on the adjacent f low f i e l d  would s t i l l  be dominant. Sumninq UP t h i s  conjectural  discussion. 
we might imply tha t  Fig. 25(a) i s  a m r e  credib le  flow topology, therefore, than tha t  shown on Fig. 25(b). 
and can perhaps be be t te r  f i t t e d  w i t h i n  the vapor screen boundary on Fig. 24( f ) .  

3.3.3 Effect  o f  Changing Blowing Rate on Side-Force Ma~ni tude a t  Constant Incidence 

Figure 2€ presents the control  of the  asynmetric s ide forces exercised by changing the blowing ra te  f o r  
those configurations (2. 4, 6. and 8) t ha t  u t i l i z e  normal j e t s .  
greater was chosen f o r  the comparison corresponding w i th  tne A, B. and C posi t ions on the (no-blowinq) side- 
force/incidence p lo t s  o f  Figs. 21 and 22. 

disposed blowing o r i f i ces  do not demonstrate a caoacity t c  reverse the d i rec t i on  of the side force. 
naximum change i n  amplitude i s  about a 50": reduction. 
(0.140-in. ) diameter blowing o r i f i c e  demonstrates powerful control  over side-force development. 
on blowing rate, Cy8 can be se t  a t  a pos i t i ve  o r  negative value, w i th  qood repeatab i l i t y .  
of  s y m t r i c a l  nornal blowing w i t h  Configuration 8 ( a t  
recognizabie. 
j e t ,  but  can nevertheless keep the side force w i th in  acceptable l i m i t s .  

Figures 27(a)-(q) show lase r  vapor screen flow v isual izat ion resu l ts  and correspsndinq circumferent ia l  
wa l l  s t a t i c  pressure d i s t r i bu t i ons  for Confiquration 6 a t  a f ixed re la t i ve  incidence o f  3.3 dnd a varyin9 
Cl,. These examples re la te  t o  the curve of s ide frrpe wi th  chanqe o f  nornlal blowinq ra te  on F1q. 26 which 
exhibi ted the most powerful control  and reversal o , ide-torce d i rec t ion .  

The select ion of Fios. 27(a)-(c)  demonstrates flow features whet-e there I S  a t r i c k l e  o f  blowing a i r  and 
the stronger port-s ide vortex qecerates a neqative Cyg. The j e t  f low apoears "attached" t o  t + e  weaker s ta r -  
board vortex. 
v i r t u a l l y  symle t r i ca l l y  displaced and the wrt and starboard pressure d i s t r i hu t i ons  show l i t t l e  disaqrepmpnt. 

These 

The b r igh t  appearance o f  the je t /vor tex flow. i n  contrast  wi th the  shadowy 

A t  low incidences, Figs. 24(a) and (b) i l l u s t r a t e  tha t  the  under-expanded j e t  penetrates i n t o  the stream 
The contra-rotat ing vort ices o f  the j e t  

If any magnif icat ion o f  i n s t a b i l i t i e s  i n  the region o f  the  enclosing 

I n  a l l  cases, a r e l a t i v e  incidence o f  3 o r  

As blowlny r a i o  is increased, Configuratiom 1 and 4 u t i l i z i n g  the 2.4-m (0.096-in.) a s y m t r i c a l l y  

On t!le other hand, Confiquration 6 w i th  the 3.6-m 

: = .150' and 0". i t  w i l l  be remevbered) i s  also 

The 

Dependinq 
The usefulness 

I t  would appear from Fig. 26 tha t  symmetrical blowing i s  not as powerful as the a s p m t r i c  

Fiqure 77(d) displays the flow f i e ld .  close t o  zero sidt- force. where the body vort ices are 
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Increasing C, 
value. c lea r l y  demonstrated by the lengthening distance displayed between the port-side vortex and the cone 
surface. Note again tha t  the j e t  f l o w  becomes inseparable f r o m  the weaker vortex. 

r e f l e c t s  imnediately on t o  the body pressure f i e l d .  The aspmetry i n  the j e t  f low "suspended above" the 
body vort ices appears t o  be o f  lesser  importance. Because the ro ta t i on  o f  the vort ices i n  t h e  j e t  flow i s  
o f  opposite hand t o  the body vortices, the j e t  f low cannot engulf them, nor can the j e t  be entrained i n t o  
them. The speculat ive j e t  sink e f f e c t  introduced e a r l i e r  i s  p r e s m b l y  inadmissible. The j e t  flow w i l l  
e x i s t  as a d iscrete e n t i t y  i n  analogy, perhaps. w i t h  the s p i r a l  vor t ices m n a t f n g  fm f o c i  on the nose 
region of a b lun t  body (Refs. 21 and 22). The ro ta t i ona l  d i rec t i on  o f  these nose vor t ices i s  rep l icated i n  
the j e t  flow. He postulate t h a t  these s p i r a l  vor t ices on the b lun t  body have a s t a b i l i z i n g  effect On the 
lee-side f l o w  f i e l d  t o  provide a delayed onset o f  s ide force. The cha rac te r i s t i c  mechanism of ta le  j e t  flow 
i s  t o  give a new st ructure o r  topology t o  the ove ra l l  f low f i e l d  ( j e t  vor t ices plus body vor t ices)  which a t  
a su i tab le blowing ra te  o f f e r s  a not  d i ss im i la r  f low t o  tha t  about the b lun t  body. 

tangent ia l ly  upstream o r  downstream (Configurations 10 and 12, respectively) w i th  t h a t  of noma1 blowing 
(Configuration 6). A l l  blowing geometries possess the capab i l i t y  t o  reverse the d i rec t i on  of the side-force 
development. but  the normal blowing has a wider range o f  appl icable C,. The effect iveness o f  the tangen- 
t i a l  blowing a t  a l t e r i n  side-force magnitude diminishes a t  the higher blowing rates. Note, however. t ha t  
f o r  very small 4 s  t y p i c a l l y  less than 0.0015, the trend o f  changing s ide force w i t h  C, i s  Of 
opposite hand t o  the trend when C, > 0.0015. 

4. CONCLUSIONS 

Eased on the pressures, forces, and lase r  vapor screen measurements about a 5' semiangle cone I n  a 
Mach 0.6 f low under turbulent  conditions, we may o f f e r  the fo l lowing conclusions on the continuing explora- 
t i o n  o f  the symnetrical separated f l ow  zones a t  moderate r e l a t i v e  incidence (a/e - 2.5) and the  effect ive- 
ness o f  nose blowing t o  contro l  asymnetry o f  the lee-side vortex f low f i e l d  a t  htgh r e l a t i v e  incidences 
( d e c  - 4): 

1. The capab i l i t y  o f  a new dual-beam laser  velocimeter has been explo i ted t o  measure the mean ve loc i -  
t i e s  i n  the s y m t r i c a ! l y  separated f l o w  f i e l d  and t o  determine the l oca t i on  o f  the saddle po in t  above the 
body vort ices i n  the plane of the leeward meridian. Together w i t h  p i t o t  measurements and dimensioning of 
the boundary of the rol led-up shear layer  from the l ase r  f l o w  v i sua l i za t i on  records, wal l  pressures, wa l l  
shear stresses and direct ions, plus previously obtained dynamic measurements a t  the surface (see Ref. 20). 
a panorama o f  three-dimensional f low separation i s  gradually being assembled. The importance o f  ampli f ica- 
t i o n  of i n s t a b i l i t i e s  a t  the saddle point. i n  promoting forebody vortex asymnetry i s  mooted but  has not y e t  
been established; nor whether such ampl i f icat ion by close associat ion w i th  f l o w  near the surface. causes 
the (eventual massive) unsteadiness of the secondary separations a t  h igh r e l a t i v e  incidences. Hence, the 
i n i t i a l  attempt was made t o  control the asymnetry by i n j e c t i n g  a i r  close t o  one o r  both o f  the secondary 
vortices. and by implication, the region i n  the v i c i n i t y  o f  the saddle point. 

t .  Blowing on one side of the leeward meridian, from a s ing le circumferential hole s i t ua ted  between 
the primary and secondary separation l i nes ,  but  beneath the (weaker) vortex tha t  i s  far thest  from the sur- 
face, o f fe rs  an ef fect ive means t o  reduce t o  zero (and t o  subsequently reverse) the d i r e c t l o n  o f  the side 
force. 

downs trcam directed tangenti a1 blowing. 

e f fect ive a t  corresponding momentum rates. 

e f fect .  A typ ica l  C,, required f o r  an a i r c r a f t  could be as low as 0.001 f o r  an equivalent blowing location. 

ments. 
and recognizable topology. 
s t ructure i s  less wel l  defined. 
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Fig.  2. 5" semiangle cone side-force s e n s i t i v i t y  t o  r o l l  angle acd Reynolds 
number a t  M, = 0.6. 
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(a) Blowing plenum i n  conical frustum. 

NO. JET NO. JET 
eo dii.nml(ii.l 0" diam. nml (in) 

1 0 NONE 

2 @ -1so 

3 @ -150 

4 @.,,.,, 

= 0 150 
6 160 

7 @ 0,lM 3B(O.W0) PASSIVE 

0. tl60 3.6 (0.140) 

TUBE 

NO BLOWING 
TUBE 

BLOWING 
TUBE 

NO BLOWING 
TUBE 

BLOWING 

2.4 (0.086) 
8 @  

3.6 (0.140) 11 0 160 
2.4 (0.0861 9 a 160 3.4 (0.1321, FACING UPSTREAM 

2.4 (0.098) 10 a 150 3.4 (O.l3Zt, FACING UPSTREAM 

3.4 (0.132). FACING DOWNSfREAM 

3.4 :0.132), FACING DOWNSTREAM 3.6 (0.140) 12 a 160 
(b) Normal and tangential j e t  positions ( p i l o t ' s  view o f  body cross sections). 

Fig. 8. Blowing design. 
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KEY: 
0 ST \ r lC PRESSURE ORIFICE, 0.51 mm (0.020 in.) diam 

@st PRIMARY SEPARATION LINE (CONVERGENCE) 
@s2 SECONDARY SEPARATION LINE (CONVERGENCF) 
,$A "REATTACHMENT" LINE (DIVERGENCE) 

LEEWARD GENERATOR 

TYPICAL PATTERN OF 

a 
ti! 

0 
I C  

STARBOARD 180 PORT 

LINE OF STATIC 
PRESSURE HOLES, 

EVERV 2.5' FOR 

EVERY 1" FOR 
900  < e <  0". 

180" < @ < 90" 

Fig.  10. Unwrapped cone surface. 
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Fig. 13. Mean a x i a l  v e l o c i t i e s  i n  cross- f low Dlane a t  x/L = 0.87, a/BC = 2.5. 
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